Tests also indicate that the external mixture model can predict the evolution of a nearly monodisperse aerosol into a bimodally distributed aerosol as relative humidity increases, qualitatively matching observations. The sourceoriented external mixture model is applied to predict the size and composition distribution of airborne particles observed at Claremont, California, on August 28, 1987. Calculations produce an aerosol mass distribution that is distinctly bimodal in the size range from 0.1 /•m to 1.0 /•m particle diameter, matching field observations. External mixture calculations also predict specific differences in composition between particles of the same diameter. The external mixture model is expected to have applications including exploration of the cause of the particleto-particle differences seen by time-of-flight mass spectrometers that measure single particle size and composition in the atmosphere.
Introduction
Mechanistic air quality models are presently being formulated that track primary emissions of particles and gases in the atmosphere as these pollutants undergo dilution, chemical reaction, gas-to-particle conversion processes, and deposition at the Earth's surface acteristics at the same particle size, suggesting that particles of the same size have different chemical compositions. Ligocki et al. [1990] examined the chemical composition of particles deposited from the atmosphere using a scanning electron microscope equipped with an X ray spectrometer and also found significant variability in the chemical composition of particles with the same diameter. While previous air quality models using moving size sections to represent the aerosol may develop situations where particles in adjacent size bins begin to overlap in size because of differences in the rate of gas-to-particle conversion processes, the degree of heterogeneity between particles of the same size in those models is still small compared with that mea- 
Model Formulation
In the present study, the Lagrangian aerosol processes trajectory models developed previously by Eldering and Cuss [1996] , Russell et al. [1983] , and Russell and Cuss 
where Gj is the gas-phase concentration of species j, P/• is the concentration of chemical species i present in particles of type k, K** is the turbulent eddy diffusivity in the vertical direction z, Li•j is the gas-to-particle conversion rate for gas-phase species j which form aerosolphase species i on particles of type k, Rj is the rate of production of gas-phase species j due to gas-phase reaction, M/• is the rate of production of species i within particles of type k due to aqueous-phase chemical reaction, T is the absolute temperature, and RH is the ambient relative humidity. Pollutant emissions and dry deposition processes are incorporated into the boundary conditions for the ground level cell in the model. Coagulation and nucleation are neglected relative to other processes for the case of the relatively dilute atmospheric systems of interest to regional air pollution problems. When meteorological observations indicate that the air parcel studied is entering a fog, the critical radius and critical saturation ratio for each particle is calculated according to the Kohler equation as described by Pruppacher and Klett [1978] . Those particles with a critical saturation ratio less than the ambient saturation ratio are activated to form fog droplets, while particles with a higher critical saturation ratio are not activated and thus remain as interstitial aerosol. Droplet growth occurs by condensation of water vapor which is calculated according to the method described by Pruppacher In the absence of fog, aerosol liquid water content is small but nonzero during periods when the ambient relative humidity is greater than the relative humidity of deliquescence for the particles in the atmosphere. The gas-to-particle conversion calculations for particles under these conditions are based on the framework of the computer code AIM developed by Wexler and Seinfeld [1991] . During the construction of the model described in this study, it was discovered that the original AIM algorithm does not permit the crystallization of solid-phase species as aerosol water content decreases below the point where this should occur under conditions where particles contain more than one possible solid-phase component. This problem was corrected and the convergence criteria for particle-phase equilibrium were altered to ensure that the driving potential for the formation of an additional amount of each solidphase species was zero at equilibrium.
The original version of AIM considers gas-phase water concentrations to be in equilibrium with particlephase concentrations using the Zdanovskii, Stokes, and During periods of low relative humidity the liquid water shell surrounding atmospheric particles may disappear entirely, leaving a solid particle core exposed to the gas phase. Gas-to-particle conversion may still occur under these conditions, but the flux of acidic gas-phase species to and from the particle must be balanced by the flux of ammonia so that no dissociated species exist in the particle phase. The equations used to describe this process are the same as those used in the original version of AIM, but the conditions when they are applied are modified. The original version of AIM uses equations requiring that the flux of ammonia to the particle exactly balance the net flux of strong acids whenever the ambient relative humidity falls below 78%. In the revised version of AIM, this flux-matching requirement is not imposed until the particle becomes completely solid. The thickness of the liquid water shell surrounding the particle is calculated at each time step. If the water shell becomes thinner than the approximate thickness of 20 water molecules (5.6 nm), the remaining water is expelled from the particle and the equations for zero water content are used. This modification is important since many particles retain a significant aqueous shell even after the relative humidity falls below 78%.
Robinson (ZSR) method described by

Solution Technique
The most complicated and time-consuming operations performed during model calculations involve the integration of sets of simultaneous ordinary differential equations describing such processes as gas-phase kinetics / transport / deposition, aqueous-phase kinetics / gas-to-particle conversion, and gas-to-particle conversion during periods of low relative humidity. The numerical solution technique used for all these tasks is based on the hybrid method described by Young 
Testing of Individual Model
Components Gas-to-particle conversion and aqueous-phase chemical reaction processes are influenced by the composition of the particles on which those processes are initiated. Thus the model components describing these processes are tested to illustrate their sensitivity to the representation of the aerosol particles as an internal mixture vs. a source-oriented external mixture. Model components describing physical processes such as emissions, transport and deposition are not directly affected by the representation of the airborne particles as a sourceoriented external mixture, so no further tests of these algorithms beyond those reported earlier are required. a Na+ and SO•-present in separate particles.
3.1. Gas-to-Particle Conversion in the Absence of Clouds or Fog Gas-to-particle conversion in the absence of clouds or fog is calculated with a modified form of the computer code AIM as described in section 2.4. Kim et al.
[1993] present a comparison of the results produced by the original version of AIM to the results obtained from the gas/aerosol equilibrium model SCAPE by initializing both models with the same gas-and particle-phase chemical species concentrations and then running the original version of AIM until equilibrium is reached. This analysis is repeated using the revised version of AIM so that all three sets of results can be compared directly. In SCAPE calculations, activity coefficient estimates obtained by Kusik and Meissner's method will be used in the present work since this is the activity coefficient calculation method used in both the original The predictions made by all three aerosol process models appear to be very similar for the case of an internally mixed aerosol. Nonvolatile sulfate dominates this test system, pulling all available ammonia into the particle phase. This leaves insufficient ammonia in the gas phase to form either NHqNO3(s) or NHaCI(s) in the particle phase. As a result, nitrate and chloride exist in the gas phase as HNO3 and HC1 and as free ions in the aqueous shell surrounding the particles but never crystallize to form part of the solid core of the particle. The aerosol water content predicted by the original version of AIM matches predictions made by the revised version of AIM and the SCAPE model at high relative humidity but significantly overpredicts water content at low relative humidity, reflecting the inability of that model to crystallize solids under certain conditions. In the case of an externally mixed aerosol, dramatic differences are seen for the predicted aerosol composition at equilibrium made by the revised version of AIM relative to the internally mixed aerosol representation of the same chemical system. The particle group containing the nonvolatile sulfate still draws all of the available ammonia into the particle phase, but separate particles' containing the nonvolatile sodium also draw nitrate and chloride into the particle phase in an analogous fashion. This leads to a great increase in• the predicted nitrate and chloride concentrations in the particle phase relative to the internally mixed aerosol calculation. This example illustrates one possible distortion of the atmospheric aerosol concentrations that could be produced by employing an internal mixture model under conditions where secondary formation processes are active. in order to allow beterogenous sulfate formation to occur. Gas-phase photochemistry, gas and particle-phase deposition, and continuing emissions were not enabled during this test so that the effect of the internally versus externally mixed representations of the aerosol on the gas-to-particle conversion and aqueous-phase physical and chemical transformations during fog events could be examined directly. The initial particle-phase concentrations and major gas-phase concentrations Specified for this test are found in Table 2 Table 2 for initial conditions). External mixture calculations produce a size distribution that is bimodal because of the different hygroscopic properties of particles having the same initial diameter. Particles are shown at their equivalent wet diameter, but water is not shown explicitly.
Trajectory Model Evaluation
Meteorological Inputs
The construction of meteorological inputs used for the August 27-28, 1987, episode closely follows the treatment described by Harley et al. [1993a] and E1-dering and Cass [1996] except in the construction of the gridded fields describing fog events. In the present study, airports reporting fog were assigned a probability of 1.0 that fog was present, while airports reporting that fog was not present were assigned a fog probability of 0.0. The probability that a fog event occurred at a give time and location was then computed by spatial interpolation between these locations according to the method of Goodin et al. [1979] . If a model grid square had a fog probability greater than 0.5 and an interpolated relative humidity value greater than 70%, it was concluded that fog was present at that time and location between the ground and the base of the inversion layer. During periods when a fog event occurred, particles located below the inversion base were activated by exposure to an environment with a water vapor supersaturation of 0.08%, while particles above the inversion base were assumed to be exposed to a high relative humidity that is nevertheless below the saturated conditions needed to form fog.
Particulate-Phase Emission Inventory
Mass emission rates, source locations, and temporal variation for 455 separate primary particle source types in rates for catalyst-equipped light-duty autos, catalystequipped light-duty trucks, catalyst-equipped mediumduty trucks, catalyst-equipped heavy-duty trucks, motorcycles, noncatalyst light-duty autos, noncatalyst light duty trucks, noncatalyst medium-duty trucks, noncatalyst heavy-duty trucks, diesel heavy-duty trucks, diesel urban buses, and tire wear to allow detailed emission profiles to be applied for each of these sources. The diurnal profile used for commercial food-cooking operations was modified to match that described by Gray [1986] . Once the total particulate mass emission rates for each source were specified, the chemical composition and size distribution of the emitted material was calculated using the emissions processing model described in section 2.1.
Gas-Phase Emission Inventory
Mass emission rates and source locations for major gas-phase emission sources relevant to the Air Basin prepared by Gharib and Cass [1984] , as summarized by Russell and Cass [1986] , was used to represent NH3 emissions for the episode studied. Once the gas-phase mass emission rates of NO,, SO,, CO, VOCs and NH3 for each source were specified, speciation of the VOC emissions was calculated using the gas-phase emission model described in section 2.1.
4.4.
Initial . The SCAQS sampler was operaeed over 24 hour period in five discrete time intervals of 0000-0500 PST, 0500-0900 PST, 0900-1300 PST, 1300-1700 PST, and 1700-2400 PST. The impactors were operated during all but the first of these sampling periods. Model results are presented at the particle sizes obtained after removing all particle-phase water, recalculating the particle density based on the remaining chemical components, and then adjusting the particle diameter so that particle-phase mass, number count, density, and volume are in agreement. This is done because it has been previously determined that the instruments used to measure particle size distributions at Claremont dried out the aerosol while making their measurements [Eldering et al., 1•4].
Bulk chemical composition.
A comparison of the observed particle-phase concentrations to the model results produced by the internal and sourceoriented external mixture models is shown in Table 3 .
Model results for total particulate matter smaller than 10 ttm diameter (PM10 mass) and smaller than 2.5 ttm diameter (PM2.5 mass) produced by using both models differ by less than 1.8%. The elemental carbon (EC) and organic carbon (OC) results shown in Table 3 
Conclusions
An atmospheric aerosol processes model has been constructed which is capable of representing the airborne particle complex as a source-oriented external mixture in which particles of the same size have different chemical compositions determined by the source from which they were initially emitted. These particles evolve separately in the atmosphere as they are affected by transport, deposition, gas-to-particle conversion, and aqueous phase chemical reaction. Tests cases presented in Figure 1 and Table 1 are found to accumulate as sulfate, nitrate, and secondary organic aerosol components lay coatings down onto seed particles having different initial core compositions. In relatively large particle sizes above 1.0 pm diameter, marine aerosol is transformed to produce NaNOs-containing particles that exist separately from mineral particles. The ability to predict the composition of individual particles is expected to have applications including explanation of the particle-to-particle differences seen by time-of-flight mass spectrometers that measure single-particle composition, the design of realistic test atmospheres for inhalation toxicology studies, support of accurate light scattering and absorption calculations, and more accurate predictions of aerosol response to changes in relative humidity. The method described in the current study is theoretically applicable in an Eulerian grid-based model provided that the particle categories are defined so narrowly that particles with the same core properties (e.g., source), same approximate diameter, and possibly same age since emission to the atmosphere are present in adjacent grid cells. Whether or not one finds this formulation practical within a grid model depends on the availability of sufficient computational resources. Since computers are advancing very rapidly, we believe that such models will soon be practical.
